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INTRODUCTION
The recent advent in fiber optic sensing has revolutionized the technology related to sensing of dynamic events such as cellular network dynamics, observing molecular kinetics involved in a chemical reaction, non-destructive testing and structural health monitoring [1] .
The use of fiber Bragg gratings (FBGs) and chirped fiber Bragg gratings (CFBGs) for monitoring strain and temperature changes have been successfully implemented. The modulated and chirped refractive index profile along the length of a CFBG allow a broadband reflection spectrum and each wavelength in the reflected spectrum, known as the Bragg wavelength corresponds to reflections from distinct positions along the grating length. A change in temperature or strain applied to the grating remodifies the grating period and effective refractive index thus remodifying the reflected Bragg spectrum. Most of FBG sensors are wavelength modulated: temporal or strain changes applied to the FBG sensor are translated to Bragg wavelength shifts. CFBG is a promising candidate for fully-distributed sensors over short gauge length within the grating. A change in local strain ε(z) or local temperature change ΔT(z) modifies the specific Bragg wavelength ( )
where the photo-elastic coefficient for fused silica is e ρ , α is the thermal expansion and ζ is the thermo-optic coefficient measured in ºC -1 . Conventional FBG sensor interrogation techniques fall short in high-speed measurement due to the poor temporal resolution. Recently, the concept of photonic time stretch [2] , also known as dispersive Fourier transform [3] , has been widely used widely to map the spectral shape to its temporal intensity profile replica. The far field Fraunhofer criterion as indicated in Eq. (2) establishes that once sufficient dispersion v Φ  has been introduced onto an ultrashort pulse with full-width half maximum pulse width of τ, the power spectrum of the source can be mapped to its temporal intensity profile enabling wavelength to time mapping.
A change in Bragg wavelength induced by temperature or strain deviation can be observed in the temporal domain as a change in the arrival time of the pulse, leading to impressive ultrafast interrogation at speed of tens of MHz [4] [5] [6] . Research efforts have been made to improve the interrogation resolution and signal-to-noise ratio [7] , and to overcome the fundamental tradeoff between the interrogation speed and resolution [8] .
Most overlooked in ultrafast CFBG interrogation systems is the capability for fully distributed sensing [9] [10] . In this paper, ultrafast fully distributed strain sensor using a CFBG sensor based on photonic time-stretch frequency-domain reflectometry (PTS-FDR) is proposed, which involve temporal interferometry of time delayed pulses reflected from a reference grating, free from any applied strain and sensor grating generate microwave beat pulses with temporal interference frequency determined by the relative time delay between the pulses and dispersion involved in mapping the spectrum to time. A small shift in local Bragg wavelength can be seen as a large change in instantaneous RF frequency which can be easily observed by short-time Fourier transform analysis of the temporal interference pattern. The setup consisting of a reference grating shielded from external influence can also be used to discern between temperature or strain perturbation. We conduct a proof-of-concept experiment demonstrating the ability of CFBGs to sense non-uniform, localized strain gradients along its length. The sensitivity, spatial resolution, temporal resolution and dynamic range of the proposed technique is investigated.
PRINCIPLE and RESUILTS
The experimental setup proposed for the interrogation scheme is depicted in Fig. 1 . Ultrashort coherent broadband femtosecond pulses are generated by a mode locked laser (Calmar MENDOCINO FPL) at a bit rate of 50 MHz. A single mode fiber with length of 80 km stretches the optical pulse inducing wavelength to time mapping. The stretched optical pulses are sent to a Michelson interferometer configuration consisting of two arms with a reference CFBG free from any applied strain and sensing CFBG subjected to both uniform and nonuniform strain in each arm. Both gratings have a bandwidth of 7 nm and length of 25 mm. A variable optical delay line (VODL) is inserted in one of the arms. Reflected spectra from each grating are mapped to time due to dispersion-induced photonic time stretch and are then beaten at the photodetector resulting in a microwave beating waveform with frequency determined by overall dispersion v Φ  and time delay set by the VODL. Any change in external strain applied to the sensing CFBG leads to re-modification of the grating period and refractive index profile within the grating. Redistribution of the grating period leads to a shift in the reflected Bragg spectrum and thus a change in the arrival time of the pulse reflected from the sensing CFBG. Beating two time delayed optical pulses at a photodetector translates the specific Bragg spectrum shift to a change in the instantaneous frequency of the microwave beat signal along time obtained by short-time-Fourier transform analysis. The change in instantaneous RF frequency with respect to applied strain and the corresponding locationto-time mapping within the CFBG sensor can be determined as follows:
where C is the chirp rate and c is the speed of light. A unique one-to-one correspondence between spatial location, time and instantaneous RF frequency enables ultrahigh resolution fully distributed strain sensing along the length of the grating allowing dynamic strain gradient sensing and crack location detection as well.
Preliminary results depicting instantaneous frequency of microwave beat signals vs. time are shown in Fig. 2 when the sensing grating is subjected to (a) uniform strain, (b) non uniform expansion, (c) non uniform compression, and (d) crack location, relative to the case when sensing CFBG is free from any applied strain.
RESOLUTION ANALYSIS AND DISCUSSION
In our proposed interrogation scheme, the local strain information can be decoded from the change of instantaneous microwave frequency of the beating temporal waveform in contrast to direct wavelength demodulation as in conventional systems. A high-speed photodetector (PD) and a fast analog-to-digital converter (ADC) are employed for converting the temporal The high repetition rate of the mode-locked laser enables ultrafast real time dynamic CFBG strain sensing dictated by the period of the optical pulse train, 20 ns, which however also limiting the minimum RF frequency measurement resolution, Fmin to 50 MHz [8] . This implies that though dispersion can be used to stretch the temporal pulse profile further, incorporating broader interference bandwidth, excessive stretching may lead to temporal overlap of adjacent stretched pulses.
In FBG sensors, the strain response or sensitivity is approximately 1.15 pm/με at the wavelength band of 1550 nm. So measuring very weak strain is a real challenge due to the limited spectral resolution of optical spectrum measurement instrument. In the proposed technique, strain change is decoded from RF frequency change and a RF frequency change to applied uniform strain ratio RF f ε ∆ ∆ of 5 MHz/µε demonstrates the high sensitivity of this technique in decoding variations in strain. However the frequency resolution limit also constraints the strain resolution to approximately 10 µε which can be obtained as follows:
The achievable spatial resolution depends inversely on the detector bandwidth employed, an improved spatial resolution requires the use of a broader bandwidth photodetector to digitize the temporal interference pattern corresponding to the spatial position along the grating. According to the linear time-wavelength-space mapping as shown in Eq. (3), the spatial resolution is directly determined by the temporal resolution of the data acquisition system. In our experiments, an equivalent real-time temporal sampling rate of 67.5 GS/s was used to detect the interference waveforms, leading to a maximum temporal resolution of 4.95 ps in theory. Therefore, the spatial resolution is estimated as high as 31.5 µm.
In the proposed FBG interrogation scheme, a short time Fourier transform (STFT) analysis is used to estimate the instantaneous RF frequency over temporal duration of the signal. The maximum temporal resolution (and hence the spatial resolution) is achieved with a sacrificed frequency resolution, which in turn leads to a poor accuracy in strain measurement. A fundamental trade-off between frequency and temporal resolution in STFT analysis always exists.
CONCLUSION
We have proposed and experimentally demonstrated a novel interrogation scheme for fully-distributed FBG stain sensing with simultaneous high temporal and spatial resolution. This is achieved thanks to dispersion-induced photonic time stretch frequency domain reflectometry (PTS-FDR). The distributed strain information along the grating length can be reconstructed from the recorded temporal interference waveform. The strain value was measured from the change of instantaneous microwave beat frequency and spatial distribution of applied strain or crack location were measured from the instant time. Minute variations in strain correspond to significant deviation in the beat signals frequency. A measure of the instantaneous frequency along time for a non-uniformly strained sensing CFBG in contrast to instantaneous frequency measured when CFBG is in its strain free state provides a good measure of the strain gradient along the length of a sensing CFBG at an ultrafast rate and high spatial resolution. Measurements of uniform strain, nonuniform expansion and compression, changing strain gradient and local crack detection have been demonstrated. A temporal resolution of 50 MHz, a high spatial resolution of 31.5 μm over a gauge length of 25 mm and a strain resolution of 10 με have been achieved.
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